The world experimental data on cross section and kinematic distribution in p+p and p+A collisions at √ s = 6.8 -7000 GeV are examined in systematic way. The √ s dependence of the inclusive cross section, rapidity and transverse momentum distributions are studied phenomenologically. We explore empirical formulas to obtain the total cross section, rapidity and transverse momentum (pT ) distribution. This is crucial for the interpretation of A+A J/ψ results at RHIC
I. INTRODUCTION
Lattice QCD predicts that, under conditions of extremely high temperatures and energy densities, a phase transition or crossover from hadronic matter to a new form of matter, known as Quark Gluon Plasma (QGP) [1] , will occur. The Relativistic Heavy Ion Collider (RHIC) was built to search for the QGP and to study its properties in laboratory through high-energy heavy-ion collisions [2] . Many observables have been proposed to probe the QGP created in heavy-ion collisions. Among them, the J/ψ suppression caused by the color-charge screening in QGP is one of most important signatures [3] .
Over the past twenty years, J/ψ production in hot and dense medium has been a topic attracting growing interest. Suppression of J/ψ production has been observed in various experimental measurements [4] [5] [6] [7] . A similar suppression pattern and magnitude of J/ψ was observed at SPS and RHIC despite of huge collision energy difference. Furthermore, the J/ψ is suppressed more in forward rapidity than that in midrapidity at RHIC 200 GeV Au+Au collisions [8] . These experimental observations suggest that, in addition to color screening, there exist other effects contributing to the modification of J/ψ production. Cold nuclear matter (CNM) effects, the combined contribution of finite J/ψ formation time and finite space-time extent of QGP and recombination from uncorrelated c andc in the medium may account for these contributions [9] . Among these contributions, the regeneration of J/ψ from the recombination of cc plays an important role to explain the similar suppressions at SPS and RHIC. As the collision energy increases, the regeneration of J/ψ from the larger charm quark density would also increase which partly compensates for the additional suppression from color-screening. The regeneration also expects a stronger suppression at forward rapidity at RHIC where the charm quark density is lower than * zbtang@ustc.edu.cn that at midrapidity. At LHC, the J/ψ is less suppressed in both mid-rapidity and forward rapidity than that at RHIC [10, 11] , which may indicate that the regeneration contribution is dominant in the J/ψ production at LHC energies. Measurements of J/ψ in different collision energies at the Solenoidal Tracker at RHIC (STAR) can give us indications on the balance of these mechanisms for J/ψ production and medium properties.
To qualify the medium effects on the modification of J/ψ production, the knowledge of J/ψ cross section and kinematics in p + p collision is crucial to offer a reference. During RHIC year 2010, STAR has collected abundant events of Au+Au collisions at √ s N N = 39 and 62.4 GeV, while the reference data in p + p collisions is not in the schedule of RHIC run plan. As what we did in ref [12] , we study the world-wide data to obtain the J/ψ reference at these collision energies.
In this letter,we report an interpolation of the p Tintegrated and differential inclusive J/ψ cross section in p + p collisions at mid-rapidity to √ s = 39 and 62.4 GeV. We establish a strategy to estimate the inclusive J/ψ cross section and kinematics at certain energy points, which makes the calculation of the J/ψ nuclear modification factors for any colliding system and energy at RHIC possible. The extrapolation is done in three steps. The first step is an energy interpolation of the existing total J/ψ cross section measurements. The second step is the description of the energy evolution of the rapidity distribution. The last step is the evaluation of the energy evolution of the transverse momentum distribution.
II. AVAILABLE EXPERIMENTAL RESULTS TREATMENT
The measurements of J/ψ hadroproduction have been performed for about forty years. In such a long period, different experimental techniques have been utilized and different input information was available at the time of the measurements. date of the published values on several common assumptions and aspects. For example, the branching ratio of J/ψ → e + e − (or µ + µ − ) have changed with time; the assumed functional forms for the x F and p T shapes, which can be used to infer the total J/ψ production, are different in different measurements; and the treatment of the nuclear effects are not homogeneous. In this section, we update all the results with the current best knowledge of branching ratios, kinematics and nuclear effects.
The cross section for J/ψ on a nuclear target is often characterized by a power law:
where σ J/ψ pN is the J/ψ proton-nucleon cross section and σ J/ψ pA is the corresponding proton-nucleus cross section for a target of atomic mass number A. The dependence of α on x F measured by NA3 [13] , NA50 [14] , E772 [15] , E886 [16] and HERA-B [17] is shown in Fig. 1 , where x F is defined as x F = 2p z / √ s (p z is longitudinal momentum, along the beam direction.). No significant energy dependence of α as a function of x F is observed within uncertainties, thus we assume it is independent of the cms-energy ( √ s). The results of J/ψ α at x F > 0 can be represented for convenience by the simple parametrization shown as solid line in Fig. 1 :
If an experiment has published cross sections of J/ψ in proton nucleus collisions, Eq. 1 and the solid curve in Fig. 1 is applied to obtain the corresponding J/ψ cross section in proton nucleon collisions. Some of the experimental measurements are only quoted for a limited phase-space. To obtain the total cross sections, the functional forms of x F and p T spectrum shapes utilized for extrapolation are:
c ,and dσ/dp T = a ×
respectively, where a, b, and c are free parameters. As illustrated in Fig. 2 , these two functional forms describe the x F and p T spectra very well. All the measurements are updated with the latest branching fractions (5.961 ± 0.032% for J/ψ → µ + + µ − , 5.971 ± 0.032% for J/ψ → e + + e − ) [18] . The treated results on J/ψ cross sections are listed in Tab. I.They show a good overall consistency, even though some of them contradict with each other. For example, the two measurements (E331 and E444) at 20.6 GeV deviate from each other by roughly 2σ. The E705 measurement at 23.8 GeV is higher than the UA6 one at 24.3 GeV by more than 2σ.
III. RESULTS
The energy evolution of the total inclusive J/ψ production cross section in proton induced interactions is shown in Fig. 3 . The first approach is to use the predicted shape in the Colour Evaporation Model at Next to Leading Order (NLO) [40] to describe the energy dependence of J/ψ cross section. The central CT10 parton density set [41] and {m, µ F /m, µ R /m} = {1.27(GeV ), 2.10, 1.60} set is utilized in the predicted shape, where m is the charm quark mass, µ F is the factorization scale, µ R is the renormalization scale. The fit is defined such that the normalization of the NLO CEM calculation is left as a free parameter (α): σ = α × σ CEM . The second approach is to use a functional form to describe the cross section energy evolution:
ymax +c , where
), a, b, c and d are free parameters. As shown in Fig. 3 , both approaches can describe the energy evolution trend of J/ψ cross section. The χ 2 /N DF for CEM and functional fit are 90.5/22 and 76.7/20, respectively. The large χ 2 mainly comes from three experimental points which contradict with the common trend (E331 and E444 measurements at 20.6 GeV, E705 measurement at 23.8 GeV). If we exclude these three data points and refit the results, the χ 2 /N DF for CEM and functional fit are 41.1/19 and 16.7/16, respectively. The values extrapolated (without the three bad experimental points) for the J/ψ cross sections at √ s = 39 and 62.4 GeV, utilizing the functional form and the NLO CEM based fit are listed in Table II. The knowledge of the rapidity dependence of J/ψ production at different cms-energies is crucial to obtain a reference for the measurements at mid-rapidity from RHIC. Based on a universal energy scaling behavior in the rapidity distribution obtained at different cms-energies, we explore approaches to the extrapolation of the rapidity distribution. As shown in Fig. 4 , the y-differential cross sections at different cms-energies have been normalized by the total cross section, and the normalized values are plotted verse y/y max , where y max has been previously defined. Despite of huge cms-energy difference, the treated RHIC [36] and LHC [38, 39, 42] experimental distributions fall into a universal trend, which allows us to perform global fits to all the experimental results with suitable functions. Two functional forms are cho- The energy evolution of J/ψ transverse momentum distribution are also studied via available experimental measurements from √ s = 10 -7000 GeV [13, 23, 27, 32, 36, 37, 39, 44] . We use part of the world-wide fixedtarget data (with only p, Be, Li, and C respectively) measured with incident protons. In this way, we avoid uncertainties due to ignoring any cold nuclear matter effects on the J/ψ transverse momentum distributions. To compare the different experimental measurements at different energies and rapidity domains, as shown in Fig. 5 , the transverse momentum distributions are normalized by their p T -integrated cross sections and plotted verse the z T variable, which is defined as z T = p T / < p T >. The treated distributions follow a universal trend despite of the different cms-energies and rapidity domains. We can describe the global distributions very well by the following function:
, and n is the only free parameter. From the fit, we obtain n = 3.93 ± 0.03 with χ 2 /N DF = 143.9/162. With the universal shape and < p T > information at certain energy and rapidity domain (we focus on midrapidity), we can extrapolate the transverse momentum distribution at any cms-energy. Thus the next step is to evaluate the energy evolution of < p T >. The < p T > at mid-rapidity as a function of cms-energy from world-wide experiments [13, 23, 27, 32, 36, 37, 39, [44] [45] [46] is shown in Fig. 6 . Also, only part of the world-wide fixed-target data (with p, Be, Li, and C respectively) are used to reduce the cold nuclear matter effects. The < p T > versus energy can be fitted by the function form: f ( √ s) = p + qln √ s, where p, q are free parameters. The fit parameters are p = 0.0023 ± 0.0182, q = 0.329 ± 0.031 with χ 2 /N DF = 41.1/15. The estimated < p T > from the fit function at √ s = 39 and 62.4 GeV are 1.21 ± 0.04 and 1.36 ± 0.04 GeV/c, respectively. With these inputs, the transverse momentum distribution at these two cms-energies can be completely determined. There are rare rapidity distribution measurements in p+A collisions at √ s < 200. Therefore, the universal energy scaling parameters of rapidity distributions are determined by the measurements at √ s ≥ 200 GeV. Its validity at low energy (<200 GeV) range still need to be further investigated. But we do have various x F distribution measurements of J/ψ in fix-target experiments [21, 23, 24, 28, 29, [32] [33] [34] . Cooperated with the α verse x F curve in Fig. 1 and the transverse momentum distributions obtained using the strategy described in the above section, we can evaluate the rapidity distributions via the x F distributions measurements in the fix-target experiments to check the validity of the rapidity interpolation method. The ratios of J/ψ σ| |y|<1.0 to σ total , which are calculated utilizing the evaluated rapidity distributions in fix-target experiments, verse cms-energy are shown in Fig. 7 . The open points plotted in the figure are the estimations using the two fit functions in Fig. 4 . In this figure, we can see that our extrapolation strategy also works at low cms-energy range.
IV. SUMMARY
We study the world-wide data of J/ψ production and kinematics at √ s = 6.8 − 7000 GeV. We have developed a strategy to interpolate the J/ψ cross section, rapidity distribution, and transverse momentum distribution at any cms-energy in √ s = 6.8−7000 GeV. The rapidity and transverse momentum distributions measured in different energies have a universal energy scaling behavior. With this strategy, we predicted that the J/ψ cross section times branching ratio at √ s = 39 and 62.4 GeV in midrapidity are Br(e + e − )dσ/dy| |y|<1.0 = 9.04±0.69, 17.74± 1.06 nb, respectively.
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